In situ x-ray absorption spectroscopy (XAS) studies were done on three metal hydride electrodes, LaNi~, LaNi~.sSns.2, La0.sCe02Ni48Sn0.2, in 6M KOH. Ex situ measurements were also made on dry uncycled electrodes and on material from an La0.sCe0.2Ni48Sn0.2 electrode that had been cycled 25 times. Comparison of the in situ XAS at the Ni K and at the La L3 edge of charged and discharged electrodes indicates large changes in the electronic and structural characteristics on introduction of hydrogen. Results at the Ce L2 edge in La~.sCe~.2Ni4.~Sn0.~ show a transition from a mixed valent c~ to a -/-like Ce state as the lattice expands during charge. Ex situ x-ray absorption near-edge structures (XANES) at the Ni K edge indicate that the additions of either Ce or Sn fill empty Ni 3d states. The Ni K edge extended x-ray absorption fine structures (EXAFS) for all three alloys in the dry uncharged state were similar, indicating that minor substitutions for either the A or B component do not substantially change the structure. The Sn substitution causes an increase both in a and c axis as evidenced from increase in the Ni-Ni and the Ni-La distances. Partial substitution of La by Ce causes a slight contraction in the Ni-La distance. The Ni XANES and EXAFS indicate that about 6 % of the Ni in the La0.sCe0.2Ni~.sSn02 corroded after 25 cycles. Ce XANES on the cycled electrode indicates some corrosion of Ce and the formation of Ce (III) state. The results indicate that XAS is a very useful technique for the study of alloy hydrides, particularly the role of electronic structure, the environment around minor constituents, and the corrosion of individual components.
Recent advances in the development of stable metal hydride alloy electrodes have led to their use as a replacement for cadmium anodes in rechargeable alkaline batteries. I Present battery electrodes are either AB2 or AB5 type alloys. The performance and life of these alloys greatly depend on their composition. In the case the AB5 type alloys, substitution of either component in the prototype alloy, LaNi~, with small amounts of other alloying elements can have major effects in the performance and stability of the alloy. Previous results with Ce, Sn, and Co substitution have demonstrated promising results in battery electrodes. 2 Recent results 3 have shown that Sn and Co substitution for some of the Ni causes a lowering of the hydrogen plateau pressure. Partial substitution of La with Ce results in improved corrosion resistance and cycle life. The Ce substitution also causes an increase in the hydrogen plateau pressure. An understanding of the mechanism of these effects would help in optimizing metal hydrides for various hydrogen storage and battery applications.
Most previous studies for understanding the role of various substituents in metal hydride alloys have focused on the structural aspects of such substitutions (via application of x-ray and neutron diffraction techniques). However, electronic effects, such as the role of empty d states are important for hydrogen storage. ~ X-ray absorption spectroscopy (XAS) has the ability to probe in situ, both electronic (from the x-ray absorption near-edge structure, XANES) and geometric parameters (from the extended x-ray absorption fine structure, EXAFS) with element specificity. Most previous XAS studies on hydrides have been done in the gas phase. Tanaka et al. ~ and Lengeler and Zeller 6 did early XANES work on several metal hydrides. In the case of NiH0.a~, changes in the XANES on hydriding were attributed to changes in the density of empty p states. ~ Similar conclusions were made for VH0.n. 5 Later Garcia et al. used both XANES and EXAFS to study the alloy hydrides CeRu2H3.7~ and CeFe2H375 at the Ce L~ edge and the Fe K edge] More recently Suenobu et al. have done XAS studies on amorphous LaNia thin films, involving gas-phase hydriding. 8 ' 9 Recently, an in situ XAS study on LaNi5 electrode has been reported. ~~ * Electrochemical Society Active Member.
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The present study focuses on the application of in situ XAS to elucidate the electronic and geometric parameters as a result of (i) substitution of both A and B components of the prototype AB~ alloy, LaNis, by Ce and Sn and (it) the effect of charging and discharging the metal hydride electrode in 6M KOH.
Experimental
Alloy preparation and characterization.--All the alloys were prepared from high purity (>99.9%) starting components with the exception of Ce, which was of commercial purity. The alloys were prepared by an arc melting technique under He atmosphere. The melting procedure involved several remelting steps, each time followed by turning over the ingot. This was followed by an annealing step at a temperature of I173K for 48 h, after which x-ray diffraction patterns were obtained for each alloy, and its lattice parameters determined.
The alloys were first characterized by obtaining the hydrogen pressure composition isotherms (PCT) in a modified Sievert's type apparatus according to the usual procedure, n This yielded the hydrogen plateau pressure and the hydrogen equilibrium storage capacity in the gas phase. The molar volume of hydrogen in the hydride phase was determined by comparing the lattice parameters of the hydrided and dehydrided phases using x-ray diffraction. The procedure for determining the lattice parameter and molar volume of hydrogen is given elsewhere. 12 Electrochemical and cycling studies.--Electrochemical characterization measurements and cycling tests were made on electrodes prepared by pressing a mix, comprised of the alloy, carbon black (Vulcan XC-72), and 33 weight percent (w/o) PTFE binder (Teflon T-30), onto an 80 mesh nickel screen. The electrodes were tested for their initial capacity, charge-discharge characteristics, and cycle life in 6M KOH. The electrode potential was monitored using an Hg/HgO reference electrode and the capacities were measured to a cut of potential of -0.7 V. Cycle life was measured using a Bitrode battery cycler by charging at 0.5 C rate for 3 h and discharging at the same rate to a cutoff cell potential of 1.0 V vs. a nickel hydroxide counterelectrode. After cycling, the electrodes were washed to remove KOH. The active material was removed from the current collector, mixed with boron nitride (BN), and pressed into a pellet for XAS studies. In situ XAS studies.--X-ray absorption spectroscopic (XAS) measurements were conducted at the beam lines X23A2 and X11 at the National Synchrotron Light Source (NSLS). Details of the monochromator design and energy resolution of the respective beam lines are given in detail elsewhere, z3-~5 To eliminate second harmonics the beam was detuned by 15 % at the Ni K edge and by 50 % at the La and Ce L edges. In situ XAS measurements were made, in the transmission mode, at the La L3, Ni K and Ce L3 edges, at the end of charge and discharge. The electrodes for the in situ XAS measurements and for measurements on dry samples were thin disks (0.25 mm thick and 19 mm in diam) that comprised the alloy, carbon black (Vulcan XC-72), vitreous carbon fibers, and a polyvinylidine fluoride binder. They were prepared using a standard vacuum table paper making technique. 13 Prior to electrode fabrication, all the alloys were activated by subjecting each to several hydriding-dehydriding cycles in the Sievert's apparatus. This produces a fine powder with a Brunauer, Emmett, and Teller method (BET) surface area of ~0.5 m2/gm, or a particle size of ~5 p~m that eliminates thickness effects in the EXAFS and avoids the need for an electrochemical activation procedure. In the last dehydriding cycle the H content of the solids was measured by venting aliquots of desorbed H2 gas into a measured volume; these values are listed in Table I . For detailed accounts of the activation procedure see Ref. 16 and 17. The separator was a single layer of a polyamide felt (0.125 mm thick) combined with a single layer of a 0.025 mm thick radiation grafted polyethylene separator. The counterelectrode was a 0.125 mm thick Grafo'il disk. All components were soaked in 6M KOH and incorporated into a spectroelectrochemical cell that is described elsewhere. ~3 The data acquisition for XAS comprised of three 12 in. ionization detectors (incidence Io, transmittance It, reference Ir~). The reference channel was primarily for internal calibration of the edge positions and was used in conjunction with pure foils or oxide samples of the respective elements. For the Ni K edge pure N~ was used in all the chambers, while for the La/Ce L3 edges a mixture of 80% He and 20% N2 was used in the incidence chamber while passing pure N2 in the transmittance and reference chambers.
The metal hydride electrodes for the in situ studies were charged at a constant current of 1 mA for 16 h and discharged at a current of 2 mA to a potential of -0.5 V. The charging rate and' time allowed for considerable overcharge because the electrodes contained only =50 mg of the alloy. XAS scans were run within 30 rain of the termination of charge.
Data analysis.--The data analysis package used for the XANES analysis was the University of Washington analysis program. TM The data analysis was done according to procedures described in detail elsewhere. 13-~5'~8-2~ The EXAFS data analysis used computer algorithms developed by Koningsberger and co-workers. ~8-2~ The most comprehensive analysis of EXAFS was carried out on the data for dry uncycled electrodes at the Ni K edge. The Fourier filtering and analysis of the EXAFS spectra were conducted according to procedure described in detail elsewhere. ~3-~'22 The windows for the forward and inverse Fourier transforms were chosen on the basis of nodes in the EXAFS in order to avoid excessive termination errors. 2a The slight variations in the Ak and Ar ranges, however, do not effect the outcome of the results. 23 The analysis was confined to the first major peak in the Fourier transform at 2.2 A. Analysis of the EXAFS spectra for the alloys was done using one, two, three, and four shell fits using an iterative least square technique. ~ For fitting the sample data, phase and amplitude parameters derived from standard materials as well as those calculated using the University of Washington FEFF program (version 4.08) were employed. 2~ The phase and amplitude parameters for Ni-Ni coordination shells were obtained from liquid N~ data for a pure Ni foil (6 ~m thick). The Ni-La and Ni-Sn phase and amplitude parameters were calculated theoretically using the FEFF program based on Cartesian coordinates input for the Wurtzite structure. The cell constants were varied to yield first shell bond distances that were equivalent to the sum of the atomic radii. In these theoretical calculations an So 2 value of 0.7 was used throughout. Table I shows the results of x-ray diffraction analysis for the alloys. All the alloys were single phase and possessed the hexagonal CaCu5 type (space group P6/mmm) structure, typical of the AB~ type alloys. As indicated by the lattice parameters in Table I , substitution of B component (Ni) by Sn in the AB~ metal hydride lattice (LaNis) results in an increase in the lattice parameters and, hence, the cell volume. However, substitution of the A component (La) with Ce causes a minor shrinkage along the a axis. The structural change due to partial substitution of Ni by Sn is reflected in the lowering of the hydrogen plateau pressure which improves the prospects for charging efficiency and charge retention of the hydride electrode. This structural change due to substitution is also reflected in a decrease in the gas-phase hydrogen storage capacity per formula unit (FU) and a reduced molar volume of hydrogen (V~) The electrochemical performance characteristics of the metal hydride electrodes are given in Table II . The results indicate that substitution of Sn for Ni in the LaN% lattice significantly improves the hydride stability. This is consistent with the reduction in the gas-phase hydrogen plateau pressure, and is in agreement with the recent results of Rathnakumar et. al. 26 The results in Table II indicate that these materials containing Sn or Ce give a very significant improvement in the cycle life relative to the LaN%. From these results it is clear that the substitution of the AB~ type alloys with small amounts of Sn and Ce causes significant changes in both gas-phase as well as the electrochemical characteristics of these alloys. Figure 1 shows representative plots of the raw EXAFS data for LaNi5 and LaNi4.sSn0.2, respectively. Figure 2 shows a comparison of Fourier transforms of the EXAFS at the Ni K edge (Ak ranges in Table III ) for the dry uncharged LaNi~, LaNi4 ~Sn0.2, and Lao.~Ce02Ni4.sSn0.2 electrodes. The results are almost identical. This is to be expected since all alloys have the hexagonal CaCu5 structure. Detailed structural analysis using neutron diffraction show that there are two Ni sites, Ni I and Nim in LaNis. 27 The Ni~ atoms are in the basal plane (containing both Ni and La atoms) and are surrounded by six Ni11 atoms (three each above and below) at a distance of 2.461/k. Within the basal plane each Ni~ is surrounded by three Nil atoms at a distance of 2.896 A and three La atoms at a distance of 2.896 A. The Ni~ exist in a plane that consists exclusively of Ni atoms and are surrounded by four Ni~ atoms at a distance of 2.461 A, four Nill atoms at a distance of 2.508 A and four La atoms at a distance of 3.202 A. The changes induced by substituting Ce or Sn in the lattice are due mainly to changes in the backscattering amplitude from the Sn and distortions in the coordination symmetry. These apparently are minimal as evidenced from the Fourier transforms of the EXAFS shown in Fig. 2 . The absence of an Ni-O contribution below 1.6 A indicates that no significant oxidation of Ni occurred during electrode preparation. Figure 3 shows that the substitution of Sn for some of the Ni causes a small change in the La Lm EXAFS. The Fourier transform window of the isolated EXAFS (Table III) was, however, limited in range due to the presence of La L= edge, 400 eV beyond the Lm edge. In the case of Lao 8Ce0.2Ni4.sSn0.2, such an analysis was impossible because of the presence of the Ce LIII edge at 240 eV beyond the La Lm edge. In LaNi~ each La atom is surrounded by six La atoms in the basal plane at a distance of 5.01 A and two La atoms in the c direction at a distance of 3.98 A. In addition each La atom is surrounded by six Ni~ atoms at a distance of 2.896 A and twelve NiH atoms at a distance of 3.202 A. The changes in the La EXAFS on the addition of Sn may be due to a reduction in the contribution of the Ni~ atoms because of the expansion along the c axis. 28 This could account for the shift in the peak to lower r values. Once again there is no evidence for any significant oxidation of the La during electrode preparation.
Results and Discussion

X-ray diffraction, physicochemical, and electrochemical characterization.--
EXAFS results.--
In order to obtain structural parameters as a function of Sn and Ce substitution a detailed EXAFS analysis was attempted at the Ni K edge for all the three alloys in their dry uncharged state. The windows in the k and r space used to obtain the corresponding forward and inverse Fourier transforms for the three samples as well as the reference standards are given in Table III and IV. The structure of LaNi~ and the expected EXAFS phase shifts indicate that the inverse Fourier transform will contain contributions from three Ni-Ni and two Ni-La shells. These are listed in Radial Coordinates (A) Table V . Unique solutions for the EXAFS analysis are impossible for a five-shell fit. Also in the case of the other alloys it is impossible to extract information on the Ni-Ce or Ni-Sn interactions. The best that can be expected is that the EXAFS analysis will give qualitative information on the effects of the addition of Sn and Ce. The approach taken was to fit the data to the simplest model that yielded a good fit. For all three alloys, the model consisted of two Ni-Ni and one Ni-La coordination shells. The result of the analysis is shown in Table VI. Figure 4 shows the representative plot for the three shell fit, in both k and r space for LaNis. The substitution of Sn for Ni causes an increase in all bond distances. This is consistent with the larger atomic radius for Sn (1.4 vs. 1.24 A for Ni). The decreased Ni-La bond length for La0.sCe0 ~Ni~.sSn0.2 is consistent with the smaller Ce atomic radius (1.72 vs. 1.88 A for La). The increase in the Ni-Ni Debye-Waller factors for Sn containing alloys is consistent with the increases in bond lengths, and the disorder introduced by substituting Sn for Ni in the lattice. Similarly, the decrease in the Debye-Waller factor for the Ni-La interaction in La0.sCe0.~Ni4.~Sn0.2 is consistent with the decrease in the Ni-La bond length. Thus the calculated parameters from the data analysis are internally consistent and are in agreement with the x-ray diffraction results (Table I) . They also agree with previous x-ray and neutron diffraction results for LaNi5 and LaNi4.sSnn.~. 27, 28 A comparison of the results for LaNi5 in Table VI with  those in Table V indicates some uncertainty in the bond distances determined by EXAFS. For one-and two-shell fits R can normally be determined to within _+0.01 A and N to within _+ 15 %. In such complicated alloys the accuracies are reduced by at least a factor of three. The fact that the results of the substituted alloys could be fitted to a similar model indicates that it is unlikely that the substitution introduces any amorphous phases that cannot be detected by x-ray diffraction. It is also clear from the EXAFS that exposure of activated alloys to air does not result in any significant oxidation.
Significant changes occur in the Ni EXAFS during charge as shown by the representative plot for LaNi4.sSn0.2 in Fig. 5 . These changes are similar to those observed by Suenobu et al., in the gas phase, for amorphous LaNi~ films. 8,9 Figure 6 shows a comparison of the Fourier transform of the Ni EXAFS for an uncyeled dry La0.sCe0.2Ni~.sSn0.2 electrode and an electrode after 25 cycles, thus demonstrating the usefulness of the technicjue in detecting corrosion. The decrease in the peak at 2.0 A and the appearance of a new peak at 1.5 /k indicates some corrosion of Ni to form Ni(OH)2 for the electrode cycled 25 times (Lik = 2.83 to 15.60). Because of the contribution of several elements to the peak at 2.0 A, phase correction techniques could not be used to separate the Ni-O contribution. 15 The data were analyzed by simply doing a backtransform (Ar = 0 to 1.6 A), and using phase and amplitude parameters from a ~-Ni(OH)2 standard. This yielded an oxygen coordination number of 0.36 and an Ni-O bond distance of 1.96 A, which is very close to that expected in Ni(OH)2. In Ni(OH)2 the coordination number is six. This indicates thai about 6% of the Ni had corroded in 25 cycles. The result shows the power of the XAS technique to probe the corrosion of the alloy constituents because of its element specificity. No Ni corrosion products could be detected by x-ray diffraction presumably because of the amorphous nature of the Ni(OH)2. Because of the complexity of the structure, the use of EXAFS in the study of major components in these alloys is of limited value. However, it is ideally suited for the study of environment around minor constituents. Furthermore, it is a very powerful technique for studyihg the corrosion of each of the individual components of the alloys during cycling. The XANES, however, yields very useful electronic information on the alloys. Figure 7 shows normalized Ni K edge XANES spectra for the three dry uncycled electrodes. The edge is shifted by about 1.5 eV below that found for Ni foil. Substitutions by Ce and Sn decrease the peak at 0.0 eV. Absorption at the K edge is due to the excitation of ls electrons. Because of the selection rules only transitions into empty 4p states are dipole allowed. In systems with cubic or octahedral symmetry the weak quadrupole allowed transitions are observed as small preedge peaks in the XANES. 29 In the hexagonal symmetry of the alloys there is mixing of p and d states and as a result, transitions into empty p part of these mixed p-d states can .sSn0.2 dry ex situ uncharged (--), in situ charged (---),  and in situ discharged(...) . Figure 12 shows the effect of the alloying substituents on the La L3 XANES. The addition of Sn and Sn combined with Ce causes considerable increases in the white line. The transitions at the La L3 .sCeo.2Ni4.sSno.2. La0.~Ce0.2Ni4.sSn0.2 dry uncharged electrode (--) and discharged (...) electrode after 25 cycles. Ni foil (--), LaNis dry uncharged (e),  in situ charged (0), and in situ discharged (A) .
XANES results at the Ni K-edge.--
XAS results at the La Ls edge.--
In situ XAS results at the Ce L3 edge.-- Figure 16 shows that hydriding has remarkable effects on the Ce L3 XANES for La0.sCe0.2Ni48Sn0,2. This effect is similar to that observed by Garcia et al. for CeRu2 and CeFez in the gas phase. 7 Ce is unusual in that the energy of the inner 4f level is nearly the same as the outer 5d and 6s levels. 31 Thus small changes in energy and the environment around the Ce can change the relative occupancy of these atomic levels. This has been the subject of an enormous number of publications in the physics literature and several reviews? 1-33 At ambient temperature the two main all 9 are a-Ce and ~-Ce. Both have fcc structure with respective lattice constants of 4.83 and 5.15 A. The ~-state has a 4f15d 1 configuration and the s-state has a mixed 4f15d~/4f~ 2 configuration. This is reflected in the Ce L~n XANES where ~-Ce has a spectrum similar to Ce (III) and ~-Ce has a spectrum similar to Ce 
Conclusions
This study clearly demonstrates that in situ XAS is a very useful tool for the study of complex metal hydride materials since it provides both electronic and structural inior- mation. The element-specific nature of the probe makes it very useful for elucidating the role of minor constituents and the corrosion of individual components.
1. The XRD analysis result shows that the effect of substitution of Ni by Sn causes an increase in the lattice parameters primarily along the c axis. This manifests itself in a corresponding increase in the unit cell volume. Substitution of La by Ce, however, causes a minor contraction in the cell volume.
2. The XANES results at the Ni K edge indicates that the alloying process results in hybridization of the 4p and 3d orbitals of Ni. The addition of Sn and Ce apparently decreases the number of Ni d band vacancies. This could account for both the decreased hydrogen content and the reduced plateau pressure.
3. All of the XANES results at the Ni K and the La L3 edge support the theoretical calculations of Gupta for LaNi5 and LaNisHT. 3o 4. Both XANES and EXAFS confirm that about 6% of the Ni in La08Ce0.2Ni4.sSn0.z corrodes after 25 cycles.
5. XANES results at the Ce L3 edge indicate that hydriding causes Ce to convert from an ~-to a ~]-like state. Results on cycled electrodes indicate corrosion of Ce with a predominance of Ce (III) in the corrosion product.
Introduction
As shown in Fig. 1 , within a few minutes of a fresh piece of carbon being made anodic the voltage required to pass 25 mA 9 cm 2 of current from molten KF 9 2HF increased from about 3 V to over 5 V (at 12 rain the current density was increased to a bit over 50 mA. cm-2). At the same time, as shown in Fig. 2 , the carbon surface changed from wetting ( Fig. 2A) , to highly nonwetting (Fig. 2B) . These are irreversible changes. This is consistent with the reports of Bat and Conway, I Rudge, 2 and Brown et al. 2 that a very high contact angle leads to the formation of strongly adherent lenticular bubbles of fluorine that cover most of the anode surface. This behavior is ascribed to the formation of a layer of fluorinated carbon, CF=, which is not wetted by the electrolyte and through which electrons must tunnel.
This coverage of the surface with bubbles makes it difficult for current to pass from the electrolyte into the anode surface and leads to what has been variously called an "anode effect," "polarization," and "aging." We follow Rudge 2 and call it polarization. It is characterized by a rather sudden increase in the cell voltage and, if the power supply voltage is limited to about 15 V (see below), by a decrease of current to a small fraction of the initial current. Barring drastic treatment this is an irreversible process.
In their first paper Bat and Conway la concluded that "the formation and detachment of F2 bubbles is the currentcontrolling factor for the fluorine evolution reaction at carbon anodes in the high current density range (i > I0 mA 9 cm-2). '' Presumably wherever the current can work into the anode surface the local current density will be very high, and the local anode will be highly fluorinated and become even more nonwetting. Thus we have a feedback mechanism that will lead to more frequent polarization at higher current densities. In their third paper lc they reported extensively on a treatment that had been previously described by Riidorf ~ and by Childs ~'6 and by Childs and Ruehlen. 7 It is a high voltage treatment that appears to be rather drastic but it is straightforward, can be carried out quickly and easily, and is effective (see below). Bat and Conway k conclude that "It]he improvements ... are believed to be associated mainly with facilitation of the detachment of the fluorine gas bubble/film..."
We have taken the view that the improvements from the high voltage treatment are mainly due to facilitation of the movement of bubbles up the surface without detachment. We have proposed and tested an anode design that further enhances this movement. That design provides for vertical channels up the face of the anode to collect the bubbles and facilitate their movement up the face. (Simple pressure drop calculations show that our channels, which are as narrow as our shops can reasonably make with a saw, would be adequate for fluorine generation rates perhaps an order of magnitude higher than we produce.) In this paper we describe this anode design that, in combination with the high voltage treatment, has allowed us to operate a fluorine generating carbon anode in KF 9 2HF for well over 2000 h at 226 mA 9 cm -2. A similar anode was operated at 226 mA 9 cm -2 for over i000 h and then at 338 mA. cm -2 for 132 h without trouble. Both anodes were in excellent condition when the runs were stopped.
A control anode of YBD carbon without channels polarized and was depolarized at 50 h and at 200 h at 226 mA 9 cm -2. Polarization of these anodes was intolerably frequent at higher current densities.
We also describe a simple method for estimating the current efficiencies for hydrogen generation and for fluorine generation. These estimates are near 100%.
Making Fluorine
Caution: The procedures described in this paper pose the risk of exposure to hydrogen fluoride and to elemental fluorine and should only be carried out by or under the direction of qualified professionals. Hydrogen fluoride and fluorine are dangerous materials. Exposure to them may cause severe, painful, and perhaps fatal bums. This exposure may not be evident for several hours. Qualified first aid treatment and professional medical resources must be established prior to working in the area. Prompt treatment is necessary to reduce the severity of damage from exposure and should be sought immediately following exposure or suspected exposure. Material Safety Data Sheets are available from HF and fluorine suppliers. The recommendations contained therein should be followed scrupulously. The Appendix should be referred to for some useful, perhaps essential, suggestions about experimental procedures and techniques.
